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Final Technical Report

ONR Grant Number N00014-00-1-0498

Uncooled Infrared Detector Arrays with Electrostatically Levitated Sensing Elements

Michael Reed and Travis Blalock

The goals of this project were to develop the technologies necessary to implement a new, non-
contacting infrared sensing element. As described in our proposal, the sensing element is to be
suspended in tension with electrostatic forces within a pixel cavity. The creation of this structure
has required the development of a number of MEMS fabrication techniques. We have also
developed new circuit topologies to interface to the novel sensing structure.

The circuit work focused on two readout methods. The first is a fully non-contacting capacitive
readout method. After readout, the sensor is moved in contact with the substrate to quench the
detector before the next thermal integration cycle. We also developed a circuit to perform a
contacting readout. The readout is performed at the beginning of the quench cycle and must be
performed rapidly to acquire the signal before the detector is quenched. Results from both of
these efforts are described in the attached papers[ 1,2].

A patent application [3] covering the novel aspects of is in process. The claims have been
allowed and the patent should issue soon.

In the process development area, our objectives included several major challenges: engineering a
reactive ion etching process for composite metal/oxide microstructures with minimum dimen-
sions of 0.5 microns and aspect ratios exceeding 15:1; development of a refill/planarization pro-
cess utilizing an organic sacrificial material which could be preferentially removed without
affecting other structural or electronically active layers; and development of sputtered insulator
and IR sensitive material deposition processes compatible with commercially fabricated CMOS
integrated circuits. Substantial progress was achieved in all of these areas.

Chief among the engineering challenges was reactive ion etching of the insulating oxides in the
CMOS multilevel-metal layers deposited during the IC manufacture. Because the deposition pro-
cess was not under our control, the etch procedure had to be sufficiently robust to account for
manufacturing variations. State-of-the-art etch processes existing at the outset of the program
had been developed for three-level-metal interconnect schemes, with a total height of approxi-
mately five microns, and a minimum microstructure gap of two microns; thus the etched channel
aspect ratio demonstrated at the time was approximately 2.5:1. The electrostatic force require-
ments of this application required a process using five metal layers, with a total thickness of
approximately eight microns. This alone put significant importance on the ability of the etch to
drill down through a significant thickness of oxide without undue erosion of the mask, the top
level metal layer whose properties were likewise set by the IC manufacturer. See figure below.



Initial estimates of the required microstructure gap was approximately one micron; more detailed
investigations revealed a narrower gap of approximately 0.5 microns was needed. Thus, the
aspect ratio of the etched gap was increased from the existing 2.5:1 to over 15:1, a fourfold
increase.

Despite these stringent requirements on etch performance, an etch recipe capable of high aspect
ratio microstructure fabrication was developed. The left micrograph below illustrates interdigi-
tated finger structures with gap spacing of 0.46 (top) and 0.92 (bottom) microns. A close-up of
the the latter is shown in the right micrograph. These illustrate robust, intact laminated
microstructures with no out-of-plane deflection, perfectly straight sidewalls, acceptable top mask
erosion, and a lack of etch stringers and etch "grass" often encountered in minimum geometry
reactive ion etching.

4.
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After experimenting with various organic materials including waxes, polymers, and resists, an
excellent material for refilling the reactively ion etched microstructures was selected: a low vis-
cosity thermosetting epoxy with a zero differential coefficient of thermal expansion (DCTE)
relative to silicon, Epo-Tek 330. This material, originally designed for bonding fiber optic
components, cures without cracking or outgassing, and was found to be compatible with the
microelectronic components and microstructure post-processing steps. Most importantly, the
zero DCTE properties ensured minimal induced mechanical stress which other materials
introduced into the substrate and microstructures.

Related to the refill process was a technique developed for planarizing the sacrificial material.
This was necessary owing to subsequent deposition of insulating and IR sensitive thin films. Our
initial plan was to employ optically flat glass substrates in contact with the epoxy, followed by a
sacrificial etch of the glass. This proved to be problematic as the hydrofluoric acid, required for
dissolution of the glass, would also attack the insulating oxide in the composite microstruc-
tures.The long time required for glass etching, combined with large manufacturing tolerances in
the glass thickness which translated into variable etch times precluded the success of this
approach. An alternative method utilizing optically flat crystals of salt, NaCl, was developed.
Although somewhat fragile, the salt crystals were successfully employed to planarize the epoxy
film; dissolution was performed in warm water rather than hydrofluoric acid, which would occur
in seconds rather than hours. The micrograph below illustrates micron-scale gaps filled and pla-
narized using the process developed under this program.

Processes for sputtering thin films of silicon nitride and IR sensitive silicon films were also
developed. A common difficulty with sputtered insulating films is a high pinhole density, which



leads to electrical shorts between the conducting films under and on top of the insulator. (The
micrograph shows a pinhole typical of those encountered with insulator sputtering.) Pinhole
density was reduced to acceptable levels by performing the deposition at an elevated
temperature.

The technology developed here was applied to a new class of acoustic transducer, a magnetically
coupled sensor/actuator pair designed for use in a phased array ultrasound imager. These trans-
ducers have significant advantages over piezoelectric and electrostatic approaches; chief among
these are a low characteristic impedance suitable for interfacing with low-power integrated cir-
cuits. A micrograph of a prototype structure fabricated using our processes is shown below.
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ABSTRACT subtraction circuit is proposed. This scheme allows for

This paper discusses a new CMOS baseline and offset pixel level offset correction, which eliminates most

correction scheme for infrared bolometer focal plane sources of per-element fixed pattern error.

arrays. The readout circuit allows for pixel level baseline The complete readout circuit includes a detector interface,
subtraction eliminating most sources of per-pixel fixed a switched current memory offset-correction circuit, and a
pattern error and conside rably reducing imaging system reset integrator. The pixel circuit includes a detector
complexity and overhead. The readout scheme includes a interface and offset correction circuit. The pixel size is 50
regulated constant voltage detector interface, a switched iim x 50 Rm. The signal interfaces between the blocks are
current offset correction circuit, and an integrator, currents. Control of the individual circuits is implemented
Simulation results illustrate the high linearity and low with a state-machine not discussed in this paper.
noise of the readout circuit. Constant Voltage Feedback Regulated Detector

KEY WORDS Interface
Bolometer, Offset Correction, Infrared, Switched Current
Cell For illustration purposes, the whole readout scheme is

Introduction represented in Fig. 1.

In thermal imaging, using uncooled rather than cooled _rq
infrared (IR) detector arrays offers the advantages of low St
cost, low weight, large spectral response, and long term w1
operation. Among thermal IR detectors, integrated Rd l2
monolithic thin film uncooled bolometers offer Afo t

advantages with respect to production, volume, yield and S3-- - -t

reliability [1]. Uncooled bolometers are IR detectors"" vout

operating at room temperature. Their resistance changes V2 Ni l

following a temperature rise from the absorption of
incident radiation. This resistance change serves as a Ri B, 13
measure of temperature of the object with respect to the
surroundings. Figure 1: Simplified schematic of the readout circuits.
Advances in Micro-Electro-Mechanical Systems (MEMS) Blocks BI and B2 are included within each pixel circuit.
technology have helped to create a new kind of bolometer A low noise constant voltage circuit is interfaced to the
that can be moved and brought into contact with the
substrate [2]. This feature permits a new kind of readout bolometer as shown in block Ba of Fig. 1. The Detector
scheme wherein the resistance of the detector quenched to current, It, which is a measure of detector resistance, is
the substrate serves as a baseline for measuring resistance given to the block B2 as the input. The offset correction is
change due to absorption of IR radiation. The detector is achieved by a new IR detector readout method called
first allowed to absorb the incident radiation, and the switched current memory detector offset removal.
resistance is measured and stored. The detector is then During the post energy absorption phase 4u1,
quenched to the substrate, followed again by readout, and Vb k.

this value is subtracted from the previous one to obtain a ibol = Ira = R + AR
measure of the resistance change of the detector. q beat

The resistance is found by applying a constant voltage where R, is the detector resistance when quenched, and
across the detector. The resulting current is a measure of ARheai, is the resistance change due to a temperature rise of
the resistance [4]. In this paper, a new baseline the detector following the absorption of the IR radiation.



Switch S2 is closed during this phase, allowing I1a to be feedback ensures a voltage drop of (VI-V2) across the
stored on the gate-source capacitor of the diode-connected detector.
MOSFET MI. The detector is then quenched to the Accuracy in the subtraction of currents is affected by
substrate temperature via a movable MEMS structure. several non-idealities in the circuit. These include the
In the post quench phase, 42, a readout is performed, charge injection of switch S1, channel length modulation
where of Ml, gate leakage current of Ml during the storage

bV (2)period, and noise contributed by several MOSFETs in the

IboJ = IJq (2) circuit.
Rq The charge injection of switch S I changes V., and the

value of the stored current, I,' The effect of charge
and switch S3 is opened so that a subtraction between Irq injection is suppressed by the addition of dummy switches
and stored Ira,is performed. The difference current, AlouI, with complementary clocking on either sides of SI,

Vb, s x AR?,he maximizing the capacitance at the gate of MI [7], and the
Aou, =ra - Irq 2 ' (3) addition of I1,f as mentioned earlier.

Rq Another source of error is due to the channel length

is a measure of resistance change, arising from this modulation of MI. The finite output impedance of M I is
subtraction is then integrated over the reset integrator as a source of error as the drain Voltage (Vd,,M1) is different
shown in block B3. in two readout phases. This effect is minimized by
Blocks 1 and 2 are implemented as shown in Fig 2. This keeping the output integrator bias close to the Vd, or Vgs
is done to satisfy low noise, low area, and low power of MI in phase 401. Also a cascode transistor Mcwcode is
requirements for a pixel circuit, introduced to reduce the variation ofVd,,MI.
This circuit will be integrated with an on-chip sensor in Gate leakage current of M I introduces an error Al,, in
every pixel, and the reset integrator implemented in a the stored current value 1,a which can be approximately
column fashion. quantified as [6]

Circuit Design Issues Aler g9 *1 rk *At4)
The resolution of the baseline subtraction operation is C.
improved by the addition of 1,,46] to reduce the where l,,, is the leakage current and At is the time for
sensitivity of AIot to the Vg, of MI. Because the majority which Ir. is stored. For nominal values of lljk=10"l5 A
of the current is carried by lrf, charge injection at the gate (0.35gtm process) and At=0.5ms, Alr is approximately
of MI gives rise to only a small error as a percentage of 0.25 pA which is negligible compared to (Alout)min.

the total current. The sensitivity is also reduced by
designing M1 with a low transconductance. Noise Analysis

Noise in the readout circuit and in the resistive sensor
VDD limit the accuracy of Alot. This places a lower bound onT _ the smallest measurable change in the resistance of the

sensor and hence the minimum possible temperature
0 liter change that can be detected. Therefore, a thorough

M8M7 analysis of the contribution of different noise sources is
M8 V performed.

Noise in the circuit is due to thermal and 1/f noise
generated by several CMOS transistors. As with other

M.9 ? switched data circuits, the output noise current contains
"M6 V both sampled and direct noise components [8].

- Previously, 1/f noise was not a significant factor in
M2 M5 X calculating the sampled noise components [9]. However,

due to high 1/f comer frequencies observed in present day
I sub-micron processes [10] and due to low sampling

R1 MRet frequencies in this application, I/f noise can be a
+ V1 M4 M3significant factor. Hence in this paper, a detailed analysis

of the contribution of i/f noise on sampled noise is
V2 -+- presented. Analysis of thermal noise is similar to the

analysis described below and is discussed in detail in [9].

Figure 2. Pixel circuit. This shows both regulated
voltage source and offset correction circuit. Negative



s~ R .SS//,, ,. =sinzr fý 0S" .( - k s (7)

% T f k I -o

[ where T/T is the fraction of the sampling time
M1 interval(T=l1/f,) for which the sample is held on the

+ capacitor C,
nr .... _ Calculating the summation is tedious and provides little
- insight from a design perspective. Instead, an approximate

g nd solution can be found by making the following
assumptions:

Figure 3. Correction circuit during the post absorb readout f / / 20, and

or sampling phase.

Figure 3 shows the equivalent circuit during the sampling < < Min(fo f2),
operation. Noise is primarily due to Ml and switch S1 where f2 is the 1/f comer frequency. Since the circuit is
shown in Fig. 3. The effect of other elements in the circuit meant for imaging applications, the sampling frequency is
is combined into the noise current source of M1 (i0 ). low(in KHz range) and hence these assumptions are valid
Dominant contribution to the noise in AlI,) is by i, since it for this case.
adds directly to Al,,t. The switch noise voltage Vm Using the above assumptions, Figure 5 indicates that the
appears across the gate-drain terminals and hence has summation can be approximated by a constant value S(f1 ).
lesser impact on the overall noise in Al.0,. This is obtained by assuming that for frequencies close to
Considering noise contributed by MI, the two-sided f, and for frequencies a distance f, away from multiples of
power spectral density (PSD) of the voltage across the f., the tails of the other aliased components do not add
capacitor due to the noise current of M1 is given by, much to the existing noise PSD value.

S,(f)= * Si'(f) V
2 /Hz (5)

S+(fl f" g.,'

where,

S. ( =I K- * g.g2, A2/Hz (6)
2 CoxWL f

Figure 5. Summation of aliased components of 1/f noise of
Vn.

The baseline correction cancels out the noise at DC and at
multiple frequencies of f,. The above approximation
breaks down when f, << fs, as the summation of the PSD
results tend to appear concave. The approximation is also
not valid when fs is of the same magnitude as fl.

an F2 Therefore, Ss 1,,(t) can be written as

sSIivn (r 2(sinzrr f ,2  (8)
Figure 4. Power spectral density of voltage(Vn) across the =( ) f )
capacitor(C.). Combining both the direct and sampled flicker noise, and

and fo is the pole frequency due to the low pass filtering assuming uncorrelated sources, the total flicker noise
action of the capacitor Co. The transconductance of M l is contribution for the output noise current is given by
denoted by gmi. The frequency content below f, can be _ = sSI(
treated as DC offset removed by the offset correction s,/fif)(f)g=sS +v, ~f)(*)
technique. Hence, it has been neglected and thd resulting where mT is the fraction of time for which the output
PSD of Vn is shown in Figure 4.By sampling the noise current is ted to the ontput
voltage at a frequency (fQ) much lower than the 1/f comer current is connected to the integrator.
frequency, significant aliasing of the high frequency Similarly, the thermal component of the output noise
components is observed. As shown in [8], the PSD of the current is found as in [3],
sample-and-held noise voltage S5 1",,n(f) is related to Sv,x() ST (f) = , (f) + SSIi,(
as follows: = S (10)



where Sn(f), the direct thermal noise component, is given 10 0'
by 02 )ýl AR=500Q 0)2

S,,(f) = m* 4KT*g (11) 9
3 - AR=3509

and the sample-and-hold component is given by, <AR=250
2 <R20

sS,., H ( T) sinc 2 (f T)( g. 1 2C ( 4KTg ),(12) -

Hence, the total noise is found by integrating over the - Ts__
band of interest. Using typical values of W/L=0.4/15, fý=2 Ts ---------
KHz, f2= 200 KHz, and f 1=100 Hz, T approaching 1, and -
gm=--0.5 [ANV, the sampled flicker noise is 0.1 pA and the 22,,,
sampled thermal noise is 50pA. The contribution of direct
noise sources is much lower and therefore not included. Figure 6. AI.ut vs. time for different ARdet.
Traditional reset-integrators used in infrared imaging
applications integrate the desired signal along with the 0

baseline and offset signals. This limits the dynamic range 40.2

of the output signal. By integrating only the difference 40.4

current signal, this limitation is overcome. The reset 40.6

integrator does not seriously affect the noise performance, .0.8
as the noise voltage is developed across the gate-drain
voltage of M I during 02. 4-

0
Simulation Results and Discussion > -1.2

-1.4
The entire readout architecture with the feedback
regulated constant voltage detector bias, baseline and
offset correction circuit, and integrator has been simulated -1.8
using the 0.35 Rm TSMC design kit for Cadence. Figure -2 .
5 shows Alo0 ut as a function of time for different resistance 0 100 20o 30o 40 no

changes of the detector. Glitches observed in the (-1)*Delta R (Ohms)
waveform are due to the switching action in the circuit. Figure 7. Integrator output voltage change (V0 =t) vs.
Only three waveforms have been identified in Figure 6, resistance change (AR).
for the sake of clarity. The discrepancy in the calculated
values and the observed values can be explained by the
non-idealities in the regulated voltage source which
appears only as a gain error and can be corrected with 5 0
post-processing. Figure 7 shows the variation of the
change in integrator output voltage against resistance 40
changes. The plot demonstrates the high linearity obtained
through the detector baseline and offset correction circuit.
Figure 8, shows the high linearity of Al in Fig. 3(b) vs. - 30
resistance change of the detector

20

10

0
0 100 200 300 400 500

(-1)*Delta R (Ohms)

Figure 8. Difference current vs. resistance change.

In Figure 9, the layout of the pixel circuit along with the
supporting structure for the MEMS temperature sensor is
shown. Pixel size is 50 gim x 50 .tm. Early results for a
baseline subtraction readout technique which does pixel
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ABSTRACT limited to radiation through the surrounding vacuum,

improving the detector sensitivity.

This paper introduces a technique to accomplish readout
of an infrared detector via capacitive coupling of an As seen in Fig. l(a), in each pixel, the detector
oscillator without direct DC contact between the sensor membrane is mounted on a frame that is kept in tension
and electrodes. Avoiding direct physical contact between by electrostatic forces, centering the detector in-plane and
the infrared detector and the readout electrodes minimizes perpendicular to the substrate. This results in effectively
thermal conduction losses, providing a more accurate and isolating the detector from the substrate by keeping it
sensitive measurement of the infrared power incident on suspended in a cavity etched within the substrate. The
the sensor. An analog CMOS voltage controlled detector platform on which the infrared sensitive film is
oscillator with an oscillation frequency of 79 MHz and deposited forms a part of a micro-electro-mechanical
phase noise of -104 dBciHz @ 1 KHz offset is discussed system (MEMS). The CMOS readout electronics are
and investigated as the non-contacting readout circuit. integrated with the sensor platform. The topmost layer of

KEY WORDS metal in the CMOS process is used to define the
microstructures as well as to protect the CMOS circuitryBolometer, CMOS, sensors, oscillator, phase noise from the etch processes used to define and release the

microstructures. A retaining structure is used to maintain

1. INTRODUCTION the position of the detector with respect to the substrate
after the final release etch in case the array is subjected to

A microbolometer operates on the principle that unusually fast movements when power is not applied.
infrared radiation incident on the surface of the infrared
sensor causes a change in its temperature. This Readout of the detector requires sensing of the
temperature change gives rise to a change in the sensor resistance change of the levitated sensor. In order to fully
resistance proportionate to the temperature coefficient of exploit the levitated sensor architecture, a non-contact
resistance (TCR) of the sensor material. Thus, the change readout scheme has been developed, which uses
in the resistance of the sensor provides a useful measure capacitive coupling instead of a DC contact with the
of the incident infrared power. suspended platform to sense the changes in sensor

resistance. The advantages of this approach are:
Although in recent times, uncooled microbolometer 1) The detector temperature is not disturbed by thermal

arrays have seen tremendous progress with several state- conduction losses with the electrodes during readout.
of-the-art arrays exhibiting noise equivalent temperature 2) It simplifies the detector platform fabrication by
differences (NETD) less than 100 mK, they have avoiding structures to accomplish direct DC contact with
sensitivity limitations related to thermal conduction losses the detector.
via contact legs between the detector and the readout
circuitry. In order to overcome these limitations, a long Actual implementation of the capacitive coupling
wavelength infrared detector that is completely isolated readout technique involves the use of a CRC series circuit
from the substrate during energy absorption has been formed by the electrode vacuum gaps and the detector
developed by combining MEMS fabrication techniques resistance as shown in Fig. l(b). The detector is the
and basic electrostatic field concepts [1]. Since the topmost layer consisting of a layer of infrared sensitive
detector element is levitated in a cavity above the material (a-Si or vanadium oxide, VO,) over a layer of
substrate using electrostatic forces, the thermal losses are silicon nitride.



Layer of the resistive Support membrane Metal layer of ( 
2Xd _ ( _(5)

infrared se sitive material for the sensor (one end of te g) + X d + Rd +j Rd _ -2
XCd

c epar m par mOS

Barkhausen's criteria for oscillation are:
Capacitivegaps "1) The total loop gain for the differential amplifier and

filled with feedback should be unity,
dielectricI = 1 (6)

where A is the transfer function of the amplifier, P is the
CMOS circuits transfer function of the passive feedback network and wis

the frequency of oscillation.
Ssubstrate 2) The phase shift around the amplifier and feedback loop

Stack of vias between the CMOS should be an integer multiple of 2rt.
circuits and the metal layer on top.

(a) Vdd

Detector modeled as resistance

Capacitor (gap Capacitor (gap 40 10
between the sensor ."..'-- . .... --" between the sensor

and the electric and the electric
contact to the contact to the vf

CMOS circuits) To the readout CMOS circuits)dcbia
circuit

(b)
Bias t

Figure 1. (a) Cross-section of the detector coupled from

capacitively with the underlying CMOS circuits [1]. (b) A circuit i --C- Z
CRC model of the detector and its capacitive coupling. F

Z2 r .. ...

:R., Cpar Detector modeled
2. DESCRIPTION AND ANALYSIS OF THE " - -- -- as a CRC series

OSCILLATOR circuit
SVdclevel

In the proposed readout circuit, the CRC series circuit
is used as the passive network that governs the output

frequency in an oscillator. R.,, a resistor implemented Figure 2. Oscillator with the CRC series circuit as the
using a MOS transistor and Cpa provide the required passive frequency selective network in the feedback loop
phase shift and biasing. Any change in the output of a differential amplifier.
frequency of the oscillator provides a direct indication of
the change in the resistance of the detector and thus, the Since the differential amplifier is used in non-inverting
change in incident infrared power. The change in mode, in order to satisfy the second Barkhausen's
temperature caused by a change in the amount of infrared criterion for oscillation, we have
power incident on the sensor, is related to a change in the
detector resistance by the following equation [2]. d d

Rd-Rdo =ATRdo (1) o 1  Xc par R J 0 (7)

where a =0.01 K"' (temperature coefficient of detector Me d R Rd

resistance), Rdo=initial value of resistance, and AT= Xc R
change in temperature. Typically, for the designed par mos

bolometer, the value of (Rd -&,,) is approximately 20 for Solving Eqn. (7), the frequency of oscillation in radians is
a 10mK change in temperature and a detector resistance given by
of 23KQ.From Fig. 2, 2 (8)

Z- Rd - 2jXcd (2) VRm(RdCparCd

Z2 -R I[ -jXcpar (3) From Eqn. (5), magnitude of the feedback factor is
mos1 (9)
Vf Z2 (4) [X(w)t= ( 1 +;2Xd + Rd

We Xcpar Rmosf
We also know that the open loop gain of the amplifier is



IA(u •" gMIM 2G roM4 (10) A practical oscillator has fluctuations in its amplitude
and frequency. Noise (thermal, shot and flicker) and

In order to satisfy the first Barkhausen's criterion for interference sources (substrate and supply noise) result in
stable oscillations, we must ensure that frequency instabilities. The spectrum of a practical

gM1,2(QM2[roM41o "~ 2XCd + Rd (11) oscillator has sidebands close to the frequency of
Xc R oscillation and its harmonics [5]. These sidebands arepar mos referred to as phase noise and arise from narrow band

where gm is the transconductance and r, is the output phase modulation of the oscillator output (carrier) by
resistance of the specified transistors [3]. From Eqn (10), noise. The random phase leads or lags induced by phase
we know that since the gain of the amplifier depends on noise result in a deviation in the frequency of oscillation
gi, it also depends on Itail. In order to minimize the power in order to compensate for the phase shifts and to
supply sensitivity of the tail current, a supply-insensitive maintain stable oscillations.
self-biased or bootstrap current reference [4] shown in
Fig.3 is used to derive the required tail current. It is important to measure the frequency deviation

caused by phase noise in the oscillator output in order to
Vdd t get an accurate measurement of a change in the detector

P3P 2  resistance owing to a change in incident infrared power.
From a frequency domain viewpoint, an oscillator's

N [l frequency instabilities are characterized in terms of the
4, r Iref single sideband noise spectral density, L(fm), which is

IN2 I expressed in terms of dBc (decibels below carrier level)

N4 iN3 N2 [5,6]. r p +

FIV P~~SSB (f0 m,l z)
Baf L(fm)- 10 log[ (13)

Re circuit in Pcarrier
Fig. 2 where PssB(fO+ fm,, Hz) is the single sideband power at an

. S offset fm from the oscillation frequency, f, in a 1Hz
ci Startup -. bandwidth, and Pearer is the total power under the
circuit

oscillator spectrum. 0
pk is the peak phase deviation in

Figure 3. Self-biased current source along with start up radians (equal to the narrowband modulation index) given
circuit to set the tail current for the oscillator in Fig.2. by fpk/fm ,where, fpk is the peak frequency deviation in Hz

For small values of modulation index (<<1), as is the case
Except for the effects of fitite output resistance of the with random phase noise, only the carrier and first upper
transistors, the generated bias current is independent of and lower sidebands are significantly high in energy [6].
the power supply. Hence, the ratio of the amplitude of either single sideband

V l 21N2 LN2 (Vsb) to that of the carrier (VJ) is

V h +s

refgsN2 C WN2 (12) Vsb pk (14)
R R Vc 2

current current Thus from Eqn (13) and Eqn (14),
Besides rejecting the supply voltage variation, the circuit V ) E
also attenuates the small signal variations on the supply (m pk2 ()k _)- (fk (15)
lines. The circuit has two stable operating points, one of L(m 1lo - 20Iog' - 20log, (
which is a zero current state, and depending on past V c 2 2f.
history, the circuit can stand in either of the two operating
points. Hence, a start-up circuit is required to ensure that f 2f 20 (16)
the circuit is not stuck in the zero current state. pk

For a more compact design and smaller pixel area, the Using the value of L (fin) obtained from simulation and
biasing scheme can be shared by an entire row of pixels in from Eqn (16), we can determine the output frequency
the sensor array. Moreover, to reduce power consumption, deviation (RMS) arising due to phase noise in the circuit
a switch is inserted between the output of the bias circuit and use it to calculate the NETD. These calculations yield
and the oscillator inside the pixel to effectively turn the a NETD of less than 20 mK for this detector circuit.
oscillator off when its output is not being read out by
disconnecting the bias circuit from the oscillator.

4. RESULTS

3. PHASE NOISE ANALYSIS OF THE OSCILLATOR The simulation results are obtained after taking into
account parasitic capacitances associated with the



transistors and the metal interconnects in the layout, as -100
well as a bonding-pad capacitance of 15 pF at the output| -110
for the transient, periodic steady state, and periodic noise 120
analyses. The typical values for the detector resistance -

and the capacitance between the detector and the F-130
electrode obtained through characterization of the -140
bolometer are 23 KQ and 18.5 IF, respectively.
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The oscillator output is sinusoidal with a frequency of Frequency (Hz)

79 MHz and a peak-to-peak value of 250 mV as shown in Figure 6. Phase noise spectrum of the oscillator.
Fig. 4. The variations of the oscillator output frequency The overall performance specifications achieved by
with respect to changes in detector resistance are plotted the oscillator readout circuit are summarized in Table 1.
in Fig. 5. The pixel size in the designed infrared focal plane array

Off period of the oscillator to (FPA) is 50 gm x 35 Rtm. It is possible to achieve a square
reduce power consumption pixel of 30 R.m x 30 lrm in the final design by reducing

the size of the retention structures for the detector300m ttlllltl ltll l l platform. In the actual chip implementation, each

200m oscillator also has an output buffer to prevent the
bonding-pad capacitance from loading the oscillator

.• lOOm circuit.

•"0.00
S0.Table 1. Oscillator readout circuit performance

- OOm I specifications.
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Time (sec) Oscillation frequency 79 MHz

Figure 4. Oscillator output. Peak-peak oscillation 250 mV
amplitude

78,6 Bias current 36 ItA
78.4 Supply voltage 2.5 V
"78.2 Sensitivity of oscillation

"" 78 frequency to
77.8 Change in Rd 200 KHz for ARd of 1 KQ

S77.6 Change in Vdd 0.56% for a AVdd of 1%
77.4 Change in ambient circuit 0.36% for a change of
77.2 temperature 1C

77 Phase noise -104 dBc/Hz @ 1 KHz
offset

76.821 21.5 22 22.5 23 23.5 24 24.5 25 25.5 Output noise 3.96 lxv/sqrt (Hz)
Detector resistance (KQ) Design process TSMC 0.25 .tm

Figure 5. Change in the oscillation frequency (MHz) with Oscillator chip area 16 3rn X 18 m m

respect to a percentage change in detector resistance. chip area switchingcircuit_39___

The phase noise plot of the circuit is shown in Fig. 6. Ambient circuit temperature 27 0C

From Eqn (16) and the phase noise simulations, a rms
frequency deviation of 282 Hz is observed in the band of
interest around the fundamental oscillation frequency due 5. CONCLUSIONS
to phase noise. Based on the parameters obtained from
detector characterization and the value of total rms A readout circuit that fully supports the low thermal
frequency deviation, a NETD of less than 20mK is conduction loss, high sensitivity objective of the levitated
calculated. infrared sensor has been presented. From Eqn. (8), we

know that the oscillation frequency has an inverse square
root dependence on the detector resistance.

This circuit can be used effectively to measure changes
in the detector resistance due to changes in the incident
infrared power by monitoring the corresponding output
frequency of the oscillator or in other words, by counting



the number of output pulses observed during a specified
readout time. Future work involves laboratory testing of
the fabricated integrated readout electronics along with
the array addressing modules to verify simulation results.
Further research will also endeavor to reduce the
sensitivity of the readout circuit to ambient temperature
fluctuations and achieve better phase noise response.
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